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Abstract
Purpose – This paper aims to print 3D structures from polymers that resist bacterial attachment by reactive jetting of acrylate monomers.
Design/methodology/approach – The first step towards printing was ink development. Inks were characterised to carry out an estimation of their
potential printability using the Z parameter to predict stable jetting conditions. Printability conditions were optimised for each ink using a Dimatix
DMP-2800, which enabled 3D structures to be fabricated.
Findings – UV photo-initiated polymers, which resist bacterial attachment, were found to be printable using piezo-based inkjet printers. The
waveform required for each ink depends on the value of the Z parameter. Once the waveform and the printability parameters were optimised, 3D
objects were fabricated.
Research limitations/implications – This methodology has been confirmed as an effective method to 3D print materials that have been
demonstrated to be bacteria resistant. However, ink curing depends on modification of some parameters (such as photoinitiator concentration or
UV exposure time) which would result in an improvement of the curing process post jetting.
Social implications – The combination of inkjet based 3D printing with new materials resistant to bacterial attachment means the possibility of
building customised medical devices with a high level of complexity and bespoke features can be fully realised. The scope and variability of the
devices produced will exceed what can be achieved using standard fabrication methodologies and can be applied to reduce the incidence of device
associated infections and to address increased morbidity, mortality and health care costs associated with nosocomial infections.
Originality/value – In this paper, the novel use of materials that resist bacterial attachment has been described to build 3D structures using
material jetting. Its value lies on the potential impact this methodology could produce in the biomedical device and research fields.
Keywords 3D printing, Inkjet, Antibacterial monomers, UV curable monomers
Paper type Research paper
1. Introduction
Currently, one of the major problems encountered by
clinicians is the high percentage of infections caused by
bacterial biofilms that form on indwelling medical devices
such as tubes used as catheters, for breathing and feeding.
These surface dwelling microbial colonies develop up to 1,000
times higher tolerances to antibiotic treatment and the host
immune system compared with their planktonic counterparts
(Costerton et al., 1999; Smith, 2005). Most current strategies
targeted at the reduction of biofilm-associated infections focus
on the modification of existing materials used to manufacture
medical devices using approaches such as the incorporation of
antibiotics (Darouiche et al., 1999) or other antimicrobials,
such as silver salts, nitrofurazone, chlorhexidine, polymerized
quaternary ammonium surfactants, antibacterial peptides and
anionic nanoporous hydrogels (Yorganci et al., 2002; Jaeger
et al., 2001; Guay, 2001; Caillier et al., 2009; Li et al., 2011;
Costa et al., 2011). These natural or synthetic chemicals aim
to kill bacteria that attach or approach the device surface. The
mechanisms of action of these drugs are mainly based on their
The current issue and full text archive of this journal is available on
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interaction with the bacterial metabolism, either destroying
the integrity of the cellular membrane as interfering with any
of the steps of protein replication or even crossing the nuclear
membrane to join DNA. An alternative approach is to use
materials that inherently resist biofilm formation in the first
place (Monds and O’Toole, 2009). Poly(ethylene glycol)
brushes (Holmes et al., 2009) and zwitterionic polymers
(Cheng et al., 2007) act to modify the surface, usually altering
the form presented or the energy state. Unfortunately, the
addition of these coatings to reduce fouling eventually fails as
the surface ages. Other materials are therefore sought, with
one method of identifying candidates being high throughput
screening. High throughput screening has been used to
identify a new class of materials resistant to bacterial
attachment by creating copolymer combinations of readily
available acrylates, depositing these new materials in arrays
and characterising the interaction between bacteria and the
surface (Hook et al., 2012, 2013). The weakly amphiphilic
acrylates discovered prevent attachment of bacteria and
therefore inhibit biofilm formation in vitro and in vivo and
consequently, offer the potential for the reduction of
device-centred infections.
An additional facet of these materials, inherent in their
identification, is that these monomers are readily cured when
illuminated with UV light and when in the presence of suitable
photoinitiators. This places these materials in a position where
it may be possible to form useful objects from them using 3D
printing (3DP)-based techniques. 3DP requires a method of
“triggering” a phase change, usually from liquid to solid, and
UV initiated curing is a commonly used approach.
In the field of biomedical applications, 3DP has become
popular, but has typically utilised the techniques of extrusion
or laser sintering (Chia and Wu, 2015; Thomas et al., 2014).
However, inkjet printing opens the door to the utilization of
multiple fluid inks for multifunctional 3DP, and allowing for
the use of new polymers outside the range of the workable
polymeric materials used in extrusion and laser sintering.
Other advantages of inkjet printing are its mechanism of
drop-on-demand (DOD) deposition, which increases the
versatility of the process including precise positioning of
pico-litre sized drops.
Thus, the combination of materials resistant to bacterial
attachment with the versatility of inkjet printing could realise
the production of objects with surfaces that resist bacterial
attachment, in a single manufacturing step. This paper
describes the development and optimization of three materials
recently identified as resisting bacterial attachment specifically
for DOD inkjet printing and the demonstration of the ability
to form three dimensional structures from these materials.
2. Materials and methods
The target monomers were selected from the range of
acrylate- and methacrylate- derivatives showing the most
promising results as bacterial resistant materials (Hook et al.,
2012, 2013). The results for this selection were: Ethylene
glycol dicyclopentenyl ether acrylate (monomer A),
Tricyclo[5.2.1.02,6]decanedimethanol diacrylate (monomer
B) and 2-Ethylhexyl acrylate (monomer C) (Scheme 1).
DOD droplet generation requires fluids with certain
physical and mechanical characteristics (Derby, 2010). These
characteristics are reflected in different dimensionless
groupings of physical constants, the most useful of which are
the Reynolds (Re) [equation (1)], Weber (We) [equation (2)]
and Ohnesorge (Oh) [equation (3)] numbers:
Re  vr

(1)
We  v
2r

(2)
Oh 
We
Re
(3)
where v is the velocity, r is the nozzle diameter and ,  and 
are the density, dynamic viscosity and surface tension of the
fluid, respectively.
Fromm (1984) defined the Z parameter (or printability
indicator) as the appropriate constant to determine the
printability of a given fluid:
Z  1
Oh

r

(4)
Building on this concept, Reis and Derby (2000) used
numerical simulation of drop formation to propose that the
range for stable droplet formation should be 1  Z  10. As
a consequence to guide identification of the “ejectability” of
the candidate 3DP materials, Z was measured for each of the
target monomers.
Monomers and initiator were purchased from Aldrich
Chemical Co. and used as received. To initiate
photopolymerisation, photoinitiators were required, and in
this case 2,2-Dimethoxy-2-phenylacetophenone (DMPA) was
used. Rheological data were collected from 25 to 60°C or
70°C, while the surface tension was measured at each of the
corresponding printing temperatures or in a range from 25 to
60°C. A Malvern Kinexus Pro Rheometer equipped with a
cone and plate, or a parallel plate at 400 m separation, was
used for viscosity measurement under shear rates from 10 s1
and 1,000 s1. Each measurement started at 25°C with 5°C
increments up to 60 or 70°C, the precise increments
depending on the monomer. A protocol of waiting 300 s after
reaching the test temperature was set to ensure the ink was in
a steady state condition. At each temperature point and shear
rate, the viscosity was recorded at 5 s intervals within a 180 s
test time. For the determination of surface tension, a Kruss
Scheme 1 Chemical structure of printed monomers
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DSA100S was used, applying the pendant drop method
assisted by the Young–Laplace equation (Berry et al., 2015).
Density values of pure monomers were used, as density
variations at low levels of photoinitiator addition were
insignificant. All inks were prepared by mixing 1 per cent of
DMPA, as photoinitiator, with the corresponding monomer,
using amber vials. To help the solution, the mixture was
placed on a stirrer (IKA RCT Basic IKAMAG Magnetic
Stirrer, with Temperature Controller) for 10 min at 50°C. A
flow of N2 was applied to the mixture for 10 min for degassing.
Inks were kept in the dark for two days to enable the release of
bubbles. Printability tests were carried out in a FujiFilm
Dimatix DMP-2800. The cartridges used in the experiments
were characterised for a 21 m nozzle diameter.
To produce 3D printed samples a Dimatix DMP2800 was
installed inside a glovebox with an O2 sensor. A N2 flow was
circulated until the O2 level was less than 1 per cent. A UV
light (365 nm, 3.5 J/cm2) was assembled on to the Dimatix
printhead carriage to carry out sample curing while printing.
To assess the relationship between the roughness of printed
surfaces and spacing between successive droplets, 2  2 mm
square structures were printed with curable inks at increasing
drop spacing (20, 30, 40 and 50 m) and with increasing
number of layers (2, 4, 6, 8 and 10) of material. Surface
profiles were obtained using a Bruker Contour GT-K
Interferometer, equipped with a 5 lens amplified 2.
Vision64TM software was used to analyse images, obtaining
the values for average height, mean roughness (Ra) and mean
roughness depth (Rz) for each number of layers and drop
spacing. The average height of one layer was estimated by
linear regression.
3. Results and discussion
The viscosity for inks A and B are shown in Figures 1 and 2.
For acrylate C, data found in the literature (Arkema, 2015)
were 1.5 mPa s (25°C). This value is too low to obtain reliable
measurement with the geometries currently available in the
lab, and no further rheological assessment of this material was
conducted. The manufacturer’s guidelines for printing with
the Dimatix DMP2800 suggest an ideal viscosity of 10 mPa.s
and as a consequence printing temperatures of 40 and 70°C for
inks A and B were selected, respectively. The corresponding
viscosity values are shown in Table I.
The surface tension of inks A and C were measured directly at
their printing temperature. However, the printing temperature of
inkBwas70°C, higher than themaximumoperating temperature of
the Kruss DSA100S. Due to this measurement issue, the value of
the surface tension of ink B at such a temperature was then
estimated by extrapolation using the Guggenheim–Katayama
equation (5) (Guggenheim, 1945), which defines the relationship
surface tension-temperature of interfaces:
  °1  TTc
11
9 (5)
Figure 3 shows the model from equation (5) fitting to the
experimental results, obtained by measuring the surface tension
Figure 1 Viscosity data as a function of shear rate and
temperature for ink A
Table I Values of printing temperature, shear viscosity, surface tension
and density for each monomer
Ink
Temperature
(°C)
Shear
viscosity
(mPa s)
Surface
tension
(mN/m)
Density
(g/ml)
Z
Parameter
A 40 9.4 36.5 0.2 1.09 3.1
B 70 12.9 30.0 0.1 1.1 2.0
C 25 1.5 25.9 0.1 0.89 15.7
Figure 3 Surface tension of ink B
Figure 2 Viscosity data as a function of shear rate and
temperature for ink B
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of ink B at different temperatures. This generates values for °
and Tc of 64.24mN/m and 791K, respectively. At 343K (70°C),
it is possible from this curve to estimate a value of 32.1 mN/m for
the surface tension of ink B at the preferred printing temperature.
A constant value of density with temperature and minor
addition of photoinitiator was taken and assumed to be equal
to the density of the monomers.
The printability parameter was calculated for each acrylate
from the values obtained for viscosity and surface tension, the
puremonomer density and a nozzle diameter of 21m (Table I).
These data demonstrate that inks A and B, displaying Z values of
3 and 2.1, respectively, are printable and afford a stable droplet
generation (Figure 4). A Z parameter of 15.7 for C was noted,
indicating unreliable printing was likely. In Figure 5, the standard
waveform for printing inks A and B is shown. Although C was
not expected to be printable, stable droplet generation was
achieved through the adoption of a more complex wave form
(Figures 4 and 5). A summary table showing printing parameters
such as printing temperature, voltage and jetting frequency are
shown in Table II.
Once the printability parameters were optimised, an
investigation of the relationship between drop spacing, height
and roughness for inks A and B was assessed using polyethylene
terephthalate as the substrate (Table III and Table IV).
Figure 6 shows the structure height as a function of the
number of layers printed and the drop spacing used for ink A.
Layer thickness (a), together with its standard error (SE) and
coefficient of determination (R2) at each drop spacing are shown
in Table V. Measures of roughness, Ra and Rz, were used as
measures of film quality. These indicate that above 30 m drop
spacing the roughness increases markedly, suggesting 30 m or
below is optimal.
These experiments were repeated for ink B (Figure 7).
Layer thickness was slightly thinner than that observed for ink
Figure 4 (a) Sequence of droplet formation of ink A with standard waveform; (b) sequence of droplet formation of ink C with complex
waveform
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A (Table V). The roughness measurements indicate that for
this material, a drop spacing of 40 m was optimal,
producing the lowest roughness, and one that reduces
significantly as more layers of material are added. In
contrast to ink A, however, at the largest drop spacing,
increasing numbers of layers decreases the quality; the
roughness values at 50 m droplet spacing rise with
increasing numbers of layers.
Despite the promise offered by ink C in showing stable droplet
formation, it was not possible to cure the material within the
jetting and illumination parameters available. Therefore,
demonstrator 3D structures were built with inks A and B
only, using the printing conditions above. A drop spacing of
30 m was used. Two example structures are shown in
Figures 8 and 9, demonstrating that it was possible to print,
Figure 5 (a) Standard waveform used for printing inks A and B; (b) complex waveform used for ink C
Table II Printing parameters for each ink
Inks Printing temperature (°C) Voltage (v) Jetting frequency (KHz)
A 40 19-20 3
B 70 19-21 6
C 25 18-19 1
Table III Values of height, Ra and Rz as a function of the drop spacing used for printing and the number of layers printed for ink A
No. of layers
Drop spacing 20 m 30 m 40 m 50 m
Average
height
(m)
Ra
(m)
Rz
(m)
Average
height
(m)
Ra
(m)
Rz
(m)
Average
height
(m)
Ra
(m)
Rz
(m)
Average
height
(m)
Ra
(m)
Rz
(m)
2 34.1 0.2 0.6 16.5 0.1 0.5 8.4 1.1 5.6 6.8 2.1 10
4 71.1 0.1 0.5 33 0.2 0.6 17.9 1.2 6.2 12.1 1.9 9.2
6 108.9 0.2 1.1 49.5 0.2 0.8 26.7 1.8 10.1 15 1.8 9.1
8 145 0.2 0.8 67.4 0.1 0.7 35.9 1.5 8 21.8 1.7 8.7
10 178.2 0.2 0.7 81.8 0.1 0.6 43.2 1.7 9.7 27.3 1.1 5.4
Table IV Values of height, Ra and Rz as a function of the drop spacing used for printing and the number of layers printed for ink B
No. of layers
Drop spacing 20 m 30 m 40 m 50 m
Average
height
(m)
Ra
(m)
Rz
(m)
Average
height
(m)
Ra
(m)
Rz
(m)
Average
height
(m)
Ra
(m)
Rz
(m)
Average
height
(m)
Ra
(m)
Rz
(m)
2 30.7 0.4 2 14.9 0.3 1.7 9.2 0.4 1.9 5 0.8 3.5
4 61 0.4 2.3 29.2 0.3 1.7 16.7 0.3 1.4 10 1.4 8.5
6 87.7 0.3 1.4 44.6 0.3 1.8 24.5 0.2 1.3 15 1.4 8
8 115.9 0.4 1.8 58.7 0.3 1.2 31.6 0.2 1.3 19.9 1.3 8.5
10 145.6 0.3 1.4 70.6 0.2 1.5 39.4 0.2 1 25.3 1.2 10.1
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cure and form 3D structures with materials previously
shown to resist bacterial attachment. Further inquiry is
needed to establish the maintenance of this property
through the printing process and film formation.
4. Conclusions
Three inks from three different monomers with resistance to
bacterial attachment were chosen as candidate materials for
3DP. Printability was determined via Z parameter, which
proved to be a reliable guide to the formation of a stable
droplet. However, manipulation of the pressure wave profiles
that enable drop formation afforded hitherto unprintable ink
C to be ink jet printed. Unfortunately, this ink was
subsequently found to be slow curing and unable to processed
within the available parameters. An assessment of the quality
of film formation using roughness measurements established a
range of optimal drop spacings, leading to the formation of 3D
printed objects, formed from materials previously shown to
resist bacterial attachment.
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